Recent evidence has indicated that common mechanisms play roles among multiple neurological diseases. However, the specifics of these pathways are not completely understood. Stroke is caused by the interruption of blood flow to the brain, and cumulative evidence supports the critical role of oxidative stress in the ensuing neuronal death process. DJ-1 (PARK7) has been identified as the gene linked to early-onset familial Parkinson's disease. Currently, our work also shows that DJ-1 is central to death in both in vitro and in vivo models of stroke. Loss of DJ-1 increases the sensitivity to excitotoxicity and ischemia, whereas expression of DJ-1 can reverse this sensitivity and indeed provide further protection. Importantly, DJ-1 expression decreases markers of oxidative stress after stroke insult in vivo, suggesting that DJ-1 protects through alleviation of oxidative stress. Consistent with this finding, we demonstrate the essential role of the oxidation-sensitive cysteine-106 residue in the neuroprotective activity of DJ-1 after stroke. Our work provides an important example of how a gene seemingly specific for one disease, in this case Parkinson's disease, also appears to be central in other neuropathological conditions such as stroke. It also highlights the important commonalities among differing neuropathologies.
S
troke is one of the major leading causes of death and disability in North America (1, 2) . It is caused by the interruption of the brain blood supply due to occlusion (ischemic) or rupture of blood vessels (hemorrhagic) leading to neuronal dysfunction and death. Although, the complete nature of the complex intra-/extracellular signals that regulate neuronal injury remains to be clarified, a growing body of evidence supports the essential role of oxidative stress in initiation and progression of the injury process (3, 4) .
Reactive oxygen species (ROS), free radicals that are normal by-products of oxygen metabolism, are produced in excess during the course of ischemia/reperfusion by a variety of mechanisms such as aberrant electron transport in injured mitochondria (5), calcium influx (6) , and inflammatory reactions (7) . ROS rapidly react with proteins, lipids, and DNA and cause damage and if severe, cell death. Equally important, they likely activate specific signaling pathways that initiate adaptive or death responses (8) . This ability to control ROS is critical in stroke, and neuronal damage occurs if the ''oxidant-antioxidant'' balance is disturbed in favor of excess oxidative stress during ischemia/ reperfusion (9, 10) . Therefore, ROS management plays a central role in the pathogenesis of stroke.
DJ-1 (PARK7), a protein originally discovered as an oncogene (11) , was also identified as an autosomal recessive gene of Parkinson's disease (PD) (12) . The physiological role of DJ-1 remains unclear; however, the protective role of DJ-1 against oxidative stress has been shown in several pathological disease models both in vitro and in vivo (13) (14) (15) . For instance, previous published data from our laboratory demonstrate the neuroprotective activity of DJ-1 in models of PD induced by the dopaminergic toxins rotenone and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (16) . Our results also suggested that DJ-1 may respond to selective initiators of damage, in particular those that involve oxidative stress. This finding was demonstrated by the observation that DJ-1 loss did not sensitize cultured cells to DNA damage-or staurosporine-induced death. These results are consistent with the notion that DJ-1 itself is modified by oxidation (17, 18) and that DJ-1 modifies the transcription of antioxidant enzymes in various cell lines, likely through the regulation of Nrf2, a transcription factor that coordinates a variety of antioxidant enzymes (19) . However, whether this result occurs in neurons is unknown.
If the main mechanism of action of DJ-1 is through its ability to handle oxidative stress, then DJ-1 should also be central to other models of neuronal injury where oxidative damage plays a paramount role, including stroke. The question of whether DJ-1 plays this role is of particular interest because there is increasing evidence of the cross-talk between various neurodegenerative diseases. For example, small ''silent'' strokes are thought to predispose patients to cognitive impairments later in life (20, 21) . A significant population of PD patients also suffer from cognitive defects (22) . Clearly, mechanisms/genes defined for one neurodegenerative condition might also be central in multiple models of neuropathology. To test these hypotheses, we examined whether the PD gene DJ-1 may be important in stroke-induced damage. In this work, we demonstrate that DJ-1 deficiency sensitizes brains to ischemic damage in vivo, whereas DJ-1 expression does the converse. DJ-1-mediated protection is also accompanied by decreased markers of oxidative damage. Finally, the protective activity depends on cysteine-106 in DJ-1, a residue shown to be critical in the ability of DJ-1 to handle oxidative stress. Our results indicate that a classic PD gene is also central to the ability of the brain to respond to stroke, likely mediated through its capacity to manage ROS.
Results

DJ-1-Null Cerebellar Granule Neurons (CGNs) Are More Sensitive to
Excitotoxicity in Model of Death in Vitro. To evaluate whether DJ-1 plays any role in stroke-related injury, we first utilized an in vitro model of glutamate-induced excitotoxicity. This mechanism of death is critical in stroke. Neuronal death occurs through stimulation of glutamate receptors, subsequent influx of calcium ions, overproduction of ROS, and oxidative damage (23) . As is shown in Fig. 1 , DJ-1 null neurons are significantly more sensitive to glutamate-induced excitotoxicity than littermate controls [0.2 Ϯ 3.8% survival in wild-type (WT) or heterozygous (HET) vs. 31.6 Ϯ 2.9% survival in DJ-1-deficient animals]. This evidence demonstrates the neuroprotective role of DJ-1 in excitotoxicity, at least in vitro, and is consistent with the proposed role of DJ-1 against oxidative stress. Also consistent with this finding, we observed that DJ-1-deficient neurons were also sensitive to hypoxic injury (data not shown).
Oxidation-Sensitive Cysteine-106 Residue in DJ-1 Is Essential for Its
Neuroprotective Activities in Vitro. We next determined the converse effects of DJ-1 expression on excitotoxic death. As shown in Fig. 2 , we expressed GFP alone, GFP with WT DJ-1, or the mutant of DJ-1 (L166P) associated with familial PD. These constructs were targeted to CGNs by recombinant adenoviral vectors (rAV) before glutamate-induced excitotoxicity. Survival was assessed, and it was noted that expression of WT DJ-1 protects from excitotoxic death (84.8 Ϯ 0.5% vs. 69.5 Ϯ 1.3%), whereas the PD mutant form of DJ-1 (66.1 Ϯ 1.4%) proved to display no protective function. Taken together, the evidence indicates that although loss of DJ-1 sensitizes to excitotoxic injury, gain of DJ-1 function is protective.
As was reported previously, DJ-1 responds to oxidative stressors through isoelectric pH (pI) shift to a more acidic form of the molecule (24) . Moreover, different independent groups of investigators have demonstrated that the cysteine residue in position 106 is particularly sensitive to oxidative modification and stress (25, 26) . To evaluate the importance of this and other cysteine residues in the ability of DJ-1 to protect against excitotoxicity in vitro, we also evaluated the ability of C106A or C53A mutant forms of DJ-1 to protect. The latter cysteine mutant is not thought to be modified by as much as cysteine-106 upon oxidative stress (18) . As shown in Fig. 2 , the mutant C53A form of DJ-1 was still protective compared with control (87.7 Ϯ 0.8% vs. 84.8 Ϯ 0.5%), whereas the C106A mutant failed to enhance survival (73.0 Ϯ 1.9%), indicating the importance of cysteine-106 in mediating protection against excitotoxic death.
DJ-1-Deficient Mice Are Sensitive to Brain Ischemia. Our findings in the in vitro models of excitotoxicity provided strong rationale to examine whether DJ-1 is necessary to protect brain tissue against ischemia-induced damage in vivo. To examine this hypothesis, we used striatal focal ischemia model by injecting endothlin-1 in the striatum of DJ-1-deficient, heterozygote, and WT control mice.
Endothelin-1 is a vasopressive protein that induces local vasoconstriction around the site of injection, resulting in ischemiainduced tissue damage in affected areas (27) . We injected endothelin-1 in two points, 0.4 mm apart in the striatum at coordinates as described in Materials and Methods. Animals were killed 7 days after surgery, perfused, and brains were processed as described. The area of damage was determined as presented in Fig. 3b . Endothelin-1 injection in DJ-1-deficient animals produced a significantly larger infarct size (Ϸ4 times larger) than either heterozygote or WT control groups. This finding, in line with in vitro results, strongly supports the idea of involvement of DJ-1 in neuroprotection in ischemia-induced stroke.
Induction of DJ-1 Can Reverse Ischemia-Induced Damage Sensitivity in
DJ-1-Deficient Mice in Vivo. Germ-line DJ-1 deficiency might have long-term secondary consequences not directly related to a DJ-1-mediated mechanism of action. To support the importance of DJ-1, we next examined whether induced expression of DJ-1 reverses the sensitization phenotype of DJ-1-null mice in response to endothelin-1-induced ischemic brain damage. We expressed WT DJ-1 in the striatum of DJ-1-null and WT controls by adenoviral vectors a week before initiation of ischemic insult, as described in Materials and Methods. Results shown in Fig. 3c indicate that DJ-1 expression reverses the sensitivity to ischemic damage induced by endothelin-1 in DJ-1-null mice and protect them to levels that are not significantly different from WT DJ-1 Fig. 1 . Increased sensitivity to glutamate-induced excitotoxicity in the absence of DJ-1. CGNs were harvested from DJ-1ϩ/Ϫ or ϩ/ϩ (n ϭ 7) and DJ-1Ϫ/Ϫ (n ϭ 4) 7-to 9-day-old mice pups. Seven days after plating, they were treated with 50 M L-glutamate for 45 min, washed, and incubated in 37°C for 2 h. Then cells were lysed, and nuclei were fixed and counted on a hemocytometer slide to assess their viability. Each data point is the mean Ϯ SEM of three independent cultures, ** , P Ͻ 0.01. KO, knockout. mice. Furthermore, it was observed that DJ-1 overexpression in the control group provided additional protection against ischemic injury. It must be noted that the degree of sensitization induced by DJ-1 deficiency in control GFP-expressing mice is less than that observed in naïve nonvirally injected animals (Fig.  3) . This effect may be caused by the response of animals to viral infection. Nonetheless, taken together, these findings strongly support the role of DJ-1 in protecting neuronal cells against the ischemic damage model of stroke.
Cysteine-106 Is Essential for the Protective Role of DJ-1 in Ischemic
Brain Injury. Our in vitro experiments indicated the requirement of the oxidation-sensitive cysteine-106 in the neuroprotective activity of DJ-1 in excitotoxicity. To evaluate the significance of this residue in the protective function of DJ-1 in our adult stroke models of injury in vivo, we evaluated the effects of DJ-1, WT and mutants, in our model of endothelin-induced damage. In this case, we used the rat model, which, based on our previous experience, produces larger infarct volumes in response to endothelin-1. This model facilitates the precise evaluation of the protective effects of DJ-1. In addition, we also used the adenoassociated viral (AAV) vectors to express wild-type DJ-1, C106A and C53A mutants, or GFP control in rat brains. AAV is known to be an effective, neurotrophic, and reliable method of gene delivery that produces a stronger and broader gene expression than with adenovirus (28). We injected AAV vectors 2 weeks before endothelin-1 injection to allow sufficient expression of the proteins of interest (Fig. 4b) . One week after the endothelin-1 injection, we transcardially perfused the rats and prepared the brains for cryostat sectioning. Brain serial sections were examined to evaluate the volume of infarct ( . These results clearly demonstrate that cysteine-106 is essential for protective function of DJ-1 in this model of ischemic stroke.
DJ-1-Mediated Protection Is Associated with Reduced Markers of
Oxidative Stress. Ischemia/reperfusion is believed to provoke neuronal damage by increasing production of ROS. To evaluate the level of ROS after ischemic insult, we used 8-oxoguanine (8-oxoG), an oxidized by-product of purine base of DNA, as an indicator of oxidative damage (29) . We performed a preliminary time course and observed that 8-oxoG reactivity in tissue reaches its maximum at 48 h after ischemia (data not shown). If DJ-1 acts to promote survival through its antioxidant properties, we would expect that ROS level and consequent oxidative damage after stroke would decrease in the presence of WT or neuroprotective mutants of DJ-1. To test this possibility, we assessed the level of 8-oxoG reactivity by immunohistofluorescence staining and comparing signal intensity between injected vs. noninjected hemispheres in the presence of overexpressed GFP, WT, or mutant forms of DJ-1, 48 h after ischemia. Densitometry analysis presented in Fig. 5 clearly indicates that WT DJ-1 as well as C53A mutant effectively reduce poststroke ROS (0.92 Ϯ 0.12 and 1.07 Ϯ 0.04, respectively) compared with the measurements in C106A and GFP, which are comparable (2.20 Ϯ 0.12 vs. 1.90 Ϯ 0.24, respectively).
Discussion
There is increasing evidence that common mechanistic elements may play central roles in a variety of neurodegenerative and neuropathological conditions. Chief among these elements is ROS. Free radical damage has been implicated in arguably every neuropathological condition described. The importance of ROS is underscored by the elegant system of enzymes developed by the cell to manage and balance ROS under normal conditions and times of stress. These antioxidant enzymes include catalases, Fig. 3 . DJ-1 protects brain tissue from endothelin-induced focal ischemia in vivo. Infarct volume in cortex and striatum of mouse brains after acute ischemic stroke is shown. (a) Nonvirally injected mice of DJ-1 colony were assessed for infarct volume after endothelin-induced focal ischemia and were analyzed according to their genotype (WT, n ϭ 3; HET, n ϭ 3; KO, n ϭ 4). There is a significant difference between the animals of the DJ-1-null background vs. either the WT or HET group but no significant difference between the latter two. (b) Expression of either GFP or human DJ-1 was assessed in the ipsi-and contralateral sides of the brains of DJ-1 KO mice (compared with the injected side). (c) Mice of DJ-1-null or WT genotype from the DJ-1 colony were injected with adenoviral vectors expressing either GFP (KO, n ϭ 5; WT, n ϭ 7) or DJ-1 (KO, n ϭ 6; WT, n ϭ 8). Animals in each group received the same previously mentioned stroke model procedure. Seven days later, brain infarct volume was measured as described. There were significant differences between DJ-1-null ϩ GFP-injected and DJ-1-null ϩ DJ-1-injected as well as an additional protection seen in the WT overexpressing DJ-1 as opposed to overexpressing GFP. No significant changes were observed between the WT overexpressing GFP and the KO overexpressing DJ-1. Each data point represents mean Ϯ SEM for a representative population of three to eight mice (one-way ANOVA followed by Tukey's least significant difference test; * , P Ͻ 0.05; ** , P Ͻ 0.01).
glutathione peroxidases, thioredoxin reductases, and superoxide dismutases (30) . A more recently identified protein linked to ROS is DJ-1. DJ-1 was first identified by many groups in the context of fertility and oncogenesis (11, 31) . However, more recent excitement was generated with its identification as a familial PD gene (12) . The reason why loss of DJ-1 leads to PD is still unknown. However, growing evidence suggested a link to oxidative stress (17, 24, 32) . For example, we had previously shown that DJ-1 deficiency protects against direct peroxide-induced death but not death initiated by DNA damage or staurosporine (16) . The possible mechanisms for its link to oxidative stress will be discussed in more detail below. However, if the link between DJ-1 and oxidative stress was valid, one logical prediction would be that DJ-1 should play important roles in other non-PD-related neuropathological conditions also associated with ROS. In this regard, stroke-induced damage is an obvious test candidate because ROS is strongly induced after ischemic damage, and amelioration of ROS has been shown to prevent ischemic injury (33) . Accordingly, in the present work, we demonstrate the critical impact of DJ-1 in in vitro and in vivo models of ischemic stroke. Our results indicate that (i) DJ-1 provides protection against excitotoxicity and ischemic brain injury and (ii) antioxidant activity of DJ-1 is essential to its neuroprotective role against ischemia-induced neuronal damage.
We initially examined the role of DJ-1 in glutamate-induced excitotoxicity as a critical pathogenic event during stroke (34) . Our data show that DJ-1-null CGNs are significantly more sensitive to glutamate treatment than the controls harvested from littermate pups. Consistent with this observation, overexpression of human DJ-1 in mouse CGNs considerably protects them against glutamate-induced death. This sensitivity also extends to adult models of stroke injury in vivo where we observed that DJ-1-deficient mice displayed larger infarct volumes than control littermates. More importantly, this sensitivity Sections from the injected hemisphere overlapping the infarcted area were stained for respective virally expressing protein. (c) Infarct volume was measured by cresyl violet staining between different virally injected groups (n ϭ 4 for GFP and DJ-1; n ϭ 3 for C53A and C106A). Each data point represents mean Ϯ SEM for a representative population of rats. There were significant differences between DJ-1 and GFP overexpressing rats as well as C53A and GFP but not C106A and GFP overexpressing rats (one-way ANOVA followed by Tukey's least significant difference test; * , significant). No significant changes were observed between DJ-1 and C53A overexpressing rats.
Fig. 5.
Cysteine-106 is crucial for the regulation of ROS end product, 8-oxoGafter focal ischemia in vivo. Rats subjected to AAV injection overexpressing DJ-1, GFP, C53A, and C106A, as indicated, were subjected to ischemic insult by endothelin-1 and were killed after 48 h. Brains were collected and processed to be stained for 8-oxoG as well as Hoechst 33258. Representative pictures were taken of sections surrounding injection area, and colocalizing 8-oxoG/Hoescht neurons (n Ͼ50) were evaluated by densitometry compared with the contralateral side. (a) Representative sections show expression of ROS marker 8-oxoG on the ipsi-and contralateral sides of the endothelin injection. (b) Quantification of densitometry results. Arbitrary units represent the ratio of signal density for the injected vs. noninjected (internal control) sides. Each data point represents mean Ϯ SEM for a representative population of three or four rats per group. There is a significant difference between DJ-1 and GFP overexpressing groups as well as DJ-1 and C106A overexpressing rats (one-way ANOVA; followed by Tukey's least significant difference test; * , significant).
No significant changes were observed between DJ-1 and C53A groups.
was reversible through induction of human DJ-1. The importance of DJ-1 in modifying survival is also underscored by the observation that expression of DJ-1 alone is protective against ischemic stress, both in vitro and in vivo. Importantly, expression of human DJ-1 provides additional protection, even in DJ-1 WT mice and rats. Our results are significant because they show how a gene classically associated with one neurological disease, in this case PD, also plays pivotal roles in other conditions such as stroke. Our results are consistent with increasing evidence of commonalities among neuropathologies. These commonalities extend not only to signaling elements including those classically associated with death such as JNKs, p53, but broader mechanistic elements such as mitochondrial damage, endoplasmic reticulum stress, and of course free radical damage to name just a few (35) (36) (37) (38) . In further support of this view, there appears to be overlap between etiologies and even pathologies of a number of diseases. For example, strokes predispose patients to dementia (21) . PD patients have symptoms not classically associated with movement such as dementia and mood disorders. Accordingly, in the context of the present work, it would be interesting to determine whether PD patients with DJ-1 deficiency are also more sensitive to other neuropathologies such as stroke.
There are several lines of evidence to support the role of DJ-1 in handling ROS in stroke. First, expression of DJ-1 diminishes markers of oxidative stress induced by stroke insult. In this regard, our results show that the 8-oxoG epitope, which represents that the oxidized form of guanosine, is increased after stroke and reduced after DJ-1 expression (Fig. 5) . Second, we also show that mutants of DJ-1 with known defects in responsiveness to oxidative stress do not protect against stroke. In this regard, the C106A mutant of DJ-1 failed to protect against ischemic damage, both in vitro and in vivo. The cyteine-106 residue was initially reported to be the most sensitive amino acid residue to hydrogen peroxide oxidation (18) . Subsequent studies have shown that this residue to also critical for the protective properties of DJ-1 in response to oxidative stress (25) . Our results are consistent with this observation and give further support to the importance of DJ-1 and its ability to handle oxidative stress in stroke.
The exact mechanism by which DJ-1 and the cysteine-106 residue protect neurons from ROS stress is unclear. Direct quenching and in vitro catalase activity of DJ-1 has been reported previously (39) . Whether this activity is central to diseases such as stroke is unknown. DJ-1 is also suggested to enhance prosurvival signals such as AKT (39, 40) . However, its relevance in neurodegeneration again is unclear. Recent data also indicate that DJ-1 can stabilize the transcription factor, Nrf2 (19) . This finding is particularly interesting because Nrf2 is known to coordinate the expression of a number of antioxidant genes. Interestingly, we have shown that DJ-1 can modify activation of an important antioxidant enzyme Prdx2 (41) . Whether and how these mechanisms impact on DJ-1, PD, or stroke will be of intense interest. Taken together, our findings in this work provide direct evidence to support the neuroprotective role of DJ-1 in mammalian animal model of brain ischemic injury. Given the central nature of ROS in stroke, DJ-1 may be an important new target in the prevention of stroke damage.
Materials and Methods
Cell Culture. Primary cultures of CGNs were obtained from postnatal day 7-9 CD1 or DJ-1 null colony mouse pups, as described previously (42) . Viral Constructs. Recombinant AAV (rAAV1) vectors were constructed by subcloning cDNA sequences (NheI-PmeI fragment) of WT human DJ-1 or mutated forms (C53A and C106A) into the SpeI-EcoRV sites of the AM/CBA-pl-WPRE-bGH plasmid. The virus was then generated and purified as described (43) . For adenovirus (AV) construction, the same sequences were subcloned into the pAdTrack vector under a cytomegalovirus (CMV) promoter. The construct also contains a second CMV promoter that separately controls expression of GFP. The construct was then used to generate recombinant AV, as described (44) . Adenoviral Infection and Glutamate Excitotoxicity. Five days after plating, CGNs were infected with adenovirus-expressing GFP along with DJ-1 WT or DJ-1 mutants (L166P, C53A, C106A) or by GFP itself as control (multiplicity of infection, 20). On day 7, L-glutamate was added to the wells to a final concentration of 50 M for 45 min and then washed three times with conditioned medium and incubated for 2 h in 37°C. This step was performed in the presence or absence of 10 M MK801. All cultures were fixed in 4% paraformaldehyde [containing 0.2% picric acid in 0.1 M phosphate buffer (pH 6.9)], and their nuclei were stained with Hoechst 33258 (final concentration of 0.5 g/ml). The total number of GFP-positive neurons that had healthy nuclei (round intact nuclei vs. shrunken condensed or fragmented nuclei) per well was evaluated and compared with the number of GFPpositive live neurons in control wells.
DJ-1-Null Mice, Colony Maintenance, and Genotyping. DJ-1-deficient mice were generated by deletion of exons 3-5 and replacement with a NeoTD cassette, maintained, and genotyped by PCR as described previously by Kim et al. (16) . Animals were maintained at 25°C on a 12-h/12-h light/dark cycle with access to standard rodent laboratory chow and water. All animal procedures were in the accordance with the guidelines of the Canadian Council and Care of Animals in Research and the Canadian Institutes of Health Research and were approved by the University of Ottawa Animal Care Veterinary Services.
Intrastriatal Viral Injection and Focal Ischemia Induction. Surgical procedures were performed as described by Rashidian et al. (45) . Briefly, mice of the DJ-1 colony (C57BL/6 background 12 generations, 8-12 weeks old) or male Wistar rats weighing 75-100 g (Charles River) were anesthetized with a mixture of 2-2.5% isoflurane and 1 liter/min oxygen, and after proper sterilization and wellness procedures, they were placed in a stereotaxic frame. Stereotaxic intrastriatal AV (1 l, 1 ϫ 10 7 particles per injection, infusion rate, 0.25 l/min) or rAAV injection [3 l, premixed with 30% (vol/vol) mannitol, 1.2 ϫ 10 9 particles per injection, infusion rate, 0.15 l/min) for mice (left side, from bregma: ϩ0.5 mm anterioposterior, ϩ1.9 mm lateral, Ϫ2.9 mm deep) and rats (left side, from bregma: ϩ0.9 mm anterioposterior, ϩ2.8 mm lateral, Ϫ5.8 mm deep) were performed 7 and 14 days before ischemic insult, respectively. To induce ischemic insult in rats, we injected 1 l of vasoconstrictor, endothelin-1 (1 mg/ml dissolved in ddH 2 O; Calbiochem) into the same virally injected striatal region (infusion rate of 0.125 l/min). For mice, the endothelin-1 injection was repeated twice, in two points of the left striatum distanced 0.4 mm apart (from bregma: ϩ0.5 mm anterioposterior, ϩ2.1 and ϩ1.7 mm lateral, Ϫ2.9 mm deep) for a total volume of 2 l.
Histological Staining and Infarct Volume Assessment. Animals were anesthetized and transcardially perfused 7 days after endothelin-1 injection with 0.9% saline followed by 4% paraformaldehyde (PFA). Brains were then removed, fixed overnight in 4% PFA, and dehydrated over a course of 5 days in 10% (wt/vol) sucrose in 0.1 M phosphate buffer. Coronal sections of 14 m were obtained by using a Microm HM500 cryomicrotome. Serial sections were taken starting at bregma ϩ1.54 mm and ended at bregma Ϫ0.94 mm to include the whole striatal area. One of five consecutive sections of the striatum was collected, refixed in 4% PFA, and stained with 0.2% cresyl violet. The damaged tissue surface area, determined on nuclear morphology (areas with condensed/shrunken nuclei were considered infarcted), was outlined by using Northern Eclipse imaging software (Empix Imaging), and infarct volume was assessed by multiplying the area of damage by the thickness of section as well as the gap between selected slices. All microscopic and imaging studies were performed by using a Zeiss microscope (Axiophot).
Immunohistochemistry. Forty-eight hours after endothelin-1 administration, animals in the indicated groups were perfused, and brains were fixed as described before. Free-floating coronal cryosections of 14 m were obtained (bregma ϩ2.70 mm and ended at bregma Ϫ2.12 mm). Sections were then blocked in 2% normal goat serum with 1% BSA and incubated with 8-oxoG (1:300; Chemicon) monoclonal anti-mouse antibody overnight at 4°C. After three washes with PBS, tissue was stained with secondary CY3-conjugated secondary antibody (1:300; Jackson ImmunoResearch) for 1 h at room temperature. Slides were washed, and coverslips were mounted with GelMount Aqueous Mounting Medium (Sigma).
